This study investigated the effects of highdose vitamin C on oxygen free radical production and cardiac enzymes after tourniquet application and ischaemiareperfusion injury during bilateral total knee replacement (TKR) in elderly patients. In the vitamin C (VC) group (VC group, n = 16), during surgery, patients received a priming bolus of 0.06 g/kg vitamin C with 100 ml saline followed by 0.02 g/kg vitamin C mixed with 30 ml saline, intravenously. The control group (n = 16) received no intra-operative vitamin C. In the VC group, malondialdehyde levels were lower, and arterial oxygen tension and mean blood pressure were higher, than in controls after post-operative deflation of both knee tourniquets. Troponin I levels were lower in the VC group than in controls 8 h postoperation.
Introduction
In orthopaedic surgery, tourniquets are used extensively to reduce intraoperative bleeding and clear the surgical field but long-term use of tourniquets may increase the occurrence of side-effects. During tourniquet inflation, arterial pressures are elevated 1 and, in ischaemic limbs, hypoxia, acidosis and hyperkalaemia are induced. 2 When a tourniquet is deflated, the metabolites released from ischaemic sites enter the systemic circulation, then trigger hypotension and hypoxia. At this time, due to reperfusion and oxygenation, oxygen free radicals are excessively produced, thereby triggering leucocytic activation and endothelial injury in blood vessels. 3 Excessive oxygen free radicals cause a peroxidation of polyunsaturated fatty acids in membrane and plasma lipoproteins, as JY Lee, CJ Kim, MY Chung High-dose vitamin C and total knee replacement well as the direct inhibition of mitochondrial respiratory chain enzymes, which inhibits the functions of major organs. Thus, oxygen free radicals play a key role in the development of severe cardiopulmonary complications in reperfusion injury. 4 Such complications are of great concern, especially in elderly patients receiving total knee replacement (TKR) with tourniquet application. 5 Ageing is associated with progressive loss of functional reserve in major organ systems and elderly patients usually have concurrent cardiopulmonary diseases such as hypertension, diabetes mellitus, chronic lung disease and myocardial ischaemia. 6 Moreover, in recent years, tourniquets are usually applied sequentially in bilateral TKR arthroplasty and may cause sequential ischaemiareperfusion injury. Thus, following bilateral TKR surgery, elderly patients have an increased need for blood transfusions and have higher rates of post-operative intensive care unit admission and mortality, compared with younger patients. 1 Conversely, oxygen free radicals can be removed by antioxidants such as ascorbic acid, tocopherol and coenzyme Q 10 . Such antioxidants are normally present in the body, but in quantities insufficient to remove the excessive amounts of oxygen free radicals that are produced due to ischaemiareperfusion injuries. 7 Accordingly, studies have been conducted to prevent such injuries by administering antioxidants, including ascorbic acid or tocopherol. 8, 9 Of these, vitamin C removes the aqueous phase oxygen free radicals by a rapid electron transfer. 8 The present study was designed to evaluate the effects of high-dose vitamin C on the production of oxygen free radicals and cardiac enzymes after tourniquet application in elderly patients undergoing bilateral TKR surgery.
Patients and methods

PATIENTS
Patients aged 65 -75 years who underwent bilateral TKR surgery at St Paul's Hospital, College of Medicine, the Catholic University of Korea, Seoul, Republic of Korea, between June 2008 and July 2009 were randomly enrolled into this study. Patients included in the study had to have American Society of Anesthesiologists physical status I or II and were randomly assigned either to receive intraoperative high-dose vitamin C (VC group) or not to receive vitamin C (control group). Exclusion criteria were myocardial ischaemia or a past history of uncontrolled hypertension, or the presence of diarrhoea or renal calculus.
The study protocol was approved by the Ethics Committee of the College of Medicine, The Catholic University of Korea, and written informed consent was obtained from all patients.
ANAESTHETIC AND SURGICAL PROCEDURES
In patients with hypertension, antihypertensive drugs were administered until the morning of the surgical operation. For anaesthesia induction, 1 -2 mg/kg propofol and 0.6 mg/kg rocuronium were intravenously infused and followed by an endotracheal intubation. Then, for controlled respiration, the end-tidal partial pressure of carbon dioxide was set at 30 -35 mmHg. Anaesthesia was maintained using 1.5 l/min oxygen, 2 l/min nitrous oxide and end-tidal sevoflurane of 1.5 -2.0 vol%. In cases in which the blood pressure exceeded 140/90 mmHg, 100 -200 µg fentanyl was injected intravenously.
A 7-Fr two lumen central venous catheter was inserted in the subclavian vein to JY Lee, CJ Kim, MY Chung High-dose vitamin C and total knee replacement monitor central venous pressure intraoperatively and, after the modified Allen's test was performed, 10 a 22-G catheter for continual monitoring of arterial pressure and blood gas analysis was inserted in the radial artery. Malondialdehyde (MDA) levels were measured using an 18-G catheter, inserted into the vein present on the contralateral side to the subclavian vein, via which vitamin C was administered. This catheter was covered with a heparin-treated cap.
Hartmann's solution (5 ml/kg per h) was infused intravenously in both groups. Immediately before the tourniquet was decompressed, 20 ml/kg per h pentastarch was infused intravenously for 20 min. Thus, central venous pressure was maintained at 7 -10 mmHg. In the VC group, 0.06 g/kg vitamin C 11 was mixed with 100 ml normal saline, with 50 ml being infused intravenously for 10 min before deflation of the first tourniquet. Then, 0.02 g/kg vitamin C was mixed with 30 ml normal saline, with 15 ml being infused intravenously for 20 min after deflation. During the operation for the second knee, these dosages of vitamin C and saline were repeated. In the control group, equal volumes of normal saline to those used in the VC group were infused in the same manner.
BLOOD SAMPLE COLLECTION
Blood samples for arterial blood gas and MDA analysis were obtained at the following time points: 20 min after the induction of anaesthesia; prior to deflation of the first and second tourniquets; at 5 min after deflation of the first and second tourniquets; and at 20 min after deflation of the first and second tourniquets. Mean arterial pressure and heart rate, as well as arterial oxygen tension (PaO 2 ), arterial carbon dioxide tension (PaCO 2 ), and oxygen saturation (SaO 2 ) levels, were also measured at these time points.
CPK-MB, TROPONIN I AND MDA ASSESSMENT
Levels of the cardiac enzymes creatine phosphokinase-myocardial band (CPK-MB) and troponin I were measured at 20 min following anaesthetic induction and at 8 h post-operatively. The plasma samples were prepared by centrifugation and kept at -70°C until further analysis. CPK-MB levels were measured by the kinetic method using a CK-MB kit and a Roche modular autoanalyser (Roche, Basel, Switzerland) according to the manufacturer's instructions. Troponin I was determined by chemiluminescence immunoassay using an Advia-Centaur ® Ultra Troponin I kit and an Advia-Centaur ® autoanalyser (Siemens, Berkeley, CA, USA) according to the manufacturer's instructions. MDA was measured by colorimetry using an MDA Biotech LPO-586 assay kit (Oxis International Inc., Beverly Hills, CA, USA) according to the manufacturer's instructions.
STATISTICAL ANALYSES
This study assumed a mean difference and standard deviation of MDA of 0.7 and 0.7, respectively. As a result, assuming a withdrawal rate of 10%, it was estimated that 16 patients in each group would be needed to provide the study with statistical power of 80% and a significance level of 0.05, to detect clinically meaningful differences between the control group and the VC group. All statistical analyses were performed using the SPSS ® statistical package, version 14.0 (SPSS Inc., Chicago, IL, USA) for Windows ® . Data are shown as mean ± SD. Differences in demographics and baseline clinical characteristics between the two groups, including age, weight, High-dose vitamin C and total knee replacement hypertension and haemoglobin level, were analysed using the Student's t-test.
Between-group differences in arterial blood gas, haemodynamic profile and MDA level were analysed using a repeatedmeasure analysis of variance (ANOVA) with adjustments for age, diabetes mellitus and haemoglobin status. Within-group timedependent differences in these parameters were also compared using ANOVA. Analyses of CPK-MB and troponin I levels were performed using analysis of covariance. A Pvalue < 0.05 was considered to be statistically significant.
Results
In total, 32 patients were enrolled into the study: 16 in the VC group and 16 in the control group. There were no significant between-group differences in terms of demographics and baseline clinical characteristics (Table 1 ).
In terms of between-group comparisons, at 5 min after deflation of both the first and second tourniquets the serum levels of MDA were significantly lower in the VC group compared with the control group (P < 0.05, Fig.  1 ). Within the VC group, there were no significant differences in MDA levels at any time point. In the control group, serum MDA levels increased significantly at 5 and 20 min after deflation of the first tourniquet compared with at 20 min after the induction of anaesthesia, i.e. prior to deflation of the tourniquet (P < 0.05, Fig. 1 ). In addition, compared with serum MDA levels observed prior to deflation of the second tourniquet, serum MDA levels were significantly increased 5 min after deflation of the second tourniquet (P < 0.05, Fig. 1 ). A significant decrease in serum MDA levels was also observed at 20 min compared with 5 min after the deflation of the second tourniquet (P < 0.05, Fig. 1 ).
In the VC group, CPK-MB levels were decreased at 8 h post-operation compared with levels observed in the control group, but the difference was not statistically significant ( Fig. 2A ). Troponin I levels were significantly lower at 8 h post-operation in the VC group compared with the control group (P < 0.05, Fig. 2B ).
The results for mean arterial pressure, Data are mean ± SD or n.
In the VC group, 0.06 g/kg vitamin C 11 was mixed with 100 ml normal saline, with 50 ml being infused intravenously for 10 min before deflation of the first tourniquet. Then, 0.02 g/kg vitamin C was mixed with 30 ml normal saline, with 15 ml being intravenously infused for 20 min after deflation. Patients in the control group received placebo saline infusions.
No statistically significant differences were noted between the two groups (P > 0.05; Student's t-test). High-dose vitamin C and total knee replacement heart rate and arterial blood gas parameters at various time points are given in Table 2 . Mean arterial pressure was significantly lower at 5 min after the first tourniquet deflation in the control group as compared with the VC group (P < 0.05), but following deflation of the second tourniquet, no significant differences were observed between the two groups. Within-group comparisons showed a significant increase in mean arterial pressure in both groups prior to deflation of the first tourniquet compared with at 20 min after the induction of anaesthesia (P < 0.05). In the control group, but not in the VC group, a significant decrease in mean arterial pressure was also observed at 5 min after the deflation, compared with prior to deflation of the first tourniquet (P < 0.05). There were no significant between-group or within-group differences in heart rate or blood pH levels ( Table 2 ). In terms of arterial blood gases, PaO 2 and SaO 2 were significantly higher at 5 min after deflation of the first tourniquet, and PaO 2 was significantly higher at 5 min after deflation of the second tourniquet in the VC group compared with the control group (P < 0.05). In the control group, PaO 2 and SaO 2 were significantly decreased at 5 min after JY Lee, CJ Kim, MY Chung High-dose vitamin C and total knee replacement deflation of the first tourniquet and at 5 and 20 min following deflation of the second tourniquet, compared with 20 min following induction of anaesthesia (P < 0.05), but there were no significant within-group differences at any time point in the VC group. There were no significant differences between the two groups in terms of PaCO 2 levels, but in both the control and VC groups, PaCO 2 was significantly increased at 5 min after deflation of both the first and second tourniquets, compared with 20 min after the induction of anaesthesia, i.e. prior to deflation of the tourniquet (P < 0.05).
Discussion
During ischaemia, cells cannot maintain their membrane integrity. Disruption of Data are shown as mean ± SD. In the VC group, 0.06 g/kg vitamin C 11 was mixed with 100 ml normal saline, with 50 ml being infused intravenously for 10 min before deflation of the first tourniquet. Then, 0.02 g/kg vitamin C was mixed with 30 ml normal saline, with 15 ml being intravenously infused for 20 min after deflation. Patients in the control group received placebo saline infusions. a P < 0.05 compared with the VC group; b P < 0.05 compared with 20 min after anaesthesia induction; c P < 0.05 compared with values prior to deflation of first tourniquet: between-group differences were analysed using a repeated-measure analysis of variance with adjustments for age, diabetes mellitus and haemoglobin status; within-group time-dependent differences were also compared using analysis of variance.
PaO 2, arterial oxygen tension; PaCO 2, arterial carbon dioxide tension; SaO 2, arterial oxygen saturation. High-dose vitamin C and total knee replacement membrane integrity causes the release of calcium and phospholipid A 2 as well as formation of polyunsaturated fatty acids and fatty acid radicals. 12 Once oxygenation occurs during reperfusion, fatty acid radicals react with oxygen, triggering lipid peroxidation that increases membrane permeability and stimulates leucocyte chemotaxis. 12 Thus, cells can release oxygenderived free radicals and proteolytic enzymes, 13 and these materials damage the cells containing DNA, proteins and lipids. Consequently, amino acid modifications including 8-hydroxydeoxyguanosine, carbonyls, methionin sulphoxide and MDA are produced. 7 Cheng et al. 14 reported that MDA levels increased significantly 20 min following deflation of the first tourniquet in patients undergoing bilateral knee joint replacement, but that the increase lessened following deflation of the second tourniquet; the authors explained this phenomenon as the effect of preconditioning. In the control group in the present study, MDA levels were significantly increased at 5 and 20 min following deflation of the first tourniquet compared with at 20 min after induction of anaesthesia, but were not significantly different from pre-deflation levels at 20 min following deflation of the second tourniquet. These results are in accordance with those reported previously. 14 In the VC group, a significant difference in MDA levels was observed 5 min after deflation of both tourniquets, as compared with the control group. These results suggest that vitamin C suppresses the generation of free oxygen radicals, which then decreases the MDA level. Previously, Dingchao et al. 15 reported that MDA levels decreased following the administration of high-dose vitamin C in patients undergoing open heart surgery. In addition, CPK-MB and lactate dehydrogenase (LDH) levels were lower in these patients, which may offer some protection for cardiac muscle. Sisto et al. 16 also reported that post-operative CPK-MB levels decreased following administration of antioxidants such as allopurinol and vitamin C in patients undergoing coronary bypass surgery, describing cardioprotective effects based on their findings. In the present study, CPK-MB levels were lower -but not significantly so -8 h post-operatively in the VC group, although troponin I levels had decreased significantly. These results demonstrate that vitamin C has cardioprotective effects.
The mechanism of reperfusion injury is the same in skeletal and cardiac muscle, but the outcomes of reperfusion injury between both muscle types are different. The main reasons for the difference in outcome between the muscle types are that: cardiac muscles have a higher degree of oxygen demand than skeletal muscles and are, therefore, more vulnerable to hypoxia; a difference in the activity of major enzymes such as LDH (which is involved in energy metabolism) is observed; and higher volumes of skeletal muscle mass cause greater numbers of toxic substances to be released, thereby leading to more severe systemic complications. 12 In cases of cardiac muscle injury, CPK-MB is the most frequently used biochemical marker, although troponin I is a more sensitive and specific biochemical marker. 17 Hypotension and hypoxia may occur due to ischaemia-reperfusion injury, and may result in cardiac muscle injury. 18 In the present study, to prevent the occurrence of hypotension due to the decreased preload during reperfusion, transfusions were performed depending on identical amounts of fluid loss and haemorrhage. Thus, haemoglobin and preloading fluid levels were maintained consistently, due to central High-dose vitamin C and total knee replacement venous pressure and arterial blood gas monitoring. Following reperfusion, mean arterial pressure was maintained in the VC group but decreased in the control group. According to Jablonski et al., 11 following administration of high-dose vitamin C, vascular resistance reduced and blood flow improved without any derangement of blood pressure in elderly patients; these authors concluded that oxidative stress played a key role in lowering the vascular compliance in elderly patients. In addition, Nightingale et al. 19 found that nitric oxide bioavailability increased in the brain stem and blood vessels after intravenous infusion of high-dose vitamin C in patients with cardiac failure, leading to improvements in blood vessel distensibility and baroreceptor reflex function. This paper also reported that the phenomena directly prevented free oxygen radicals from suppressing the baroreceptors. 19 Several reports 11, 19, 20 have advocated the belief that oxidative stress regulates NO metabolism in the brain stem and is, therefore, involved in baroreceptor reflex regulation. Accordingly, based on the present study, it could be postulated that the excessive numbers of free oxygen radicals (generated following reperfusion) in the VC group were reduced by high-dose intraoperative vitamin C administration. This might maintain the vascular resistance and baroreceptor reflex and, as a result, mean arterial pressure could also be maintained.
Conversely, following deflation of the second tourniquet, mean arterial blood pressure was not significantly decreased, due to the preconditioning effects from the first tourniquet deflation in the control group. This might contribute to no between-group differences being observed in mean arterial pressure levels after deflation of the second tourniquet.
The decrease that was observed in PaO 2 after tourniquet deflation can be explained by the efflux of hypoxic venous blood from the ischaemic area into the systemic circulation. 21 Owing to this, ischaemiareperfusion injury may bring more severe pulmonary complications and may be more dangerous in older than in younger patients. 6 Baltalarli et al. 22 reported a significant increase in pulmonary interstitial neutrophilic infiltration and haemorrhage in an experimental model of ischaemiareperfusion injury in the lower extremities of rats. In this experiment, however, both iloprost and vitamin C prevented these pulmonary changes and increased PaO 2 . 22 Thus, the authors suggested that both agents were useful for attenuating lung injury caused by increased oxidative stress and neutrophil accumulation after ischaemiareperfusion injury. 22 In the present study, the control group showed a significant decrease in PaO 2 at 5 min following deflation of a bilateral tourniquet. In the VC group, however, the decrease in PaO 2 was prevented and this might be associated with haemodynamic stability as well as the prevention of cardiac muscle injury. Conversely, PaCO 2 levels increased in both groups after tourniquet deflation, but no significant between-group differences were observed. Anaerobic metabolism and acidosis occurred in the ischaemic area during tourniquet inflation and, due to increased concentrations of hydrogen ions, carbon dioxide formation was promoted at the site of ischaemia. During tourniquet deflation, hypercapnoeic venous blood was released from ischaemic sites into the systemic circulation, thereby increasing the carbon dioxide concentrations in blood. 21 Baltalarli et al. 22 found that the increased carbon dioxide in the blood did not improve following vitamin C administration in an experimental model of ischaemia and Similarly, both groups in the present study showed significant increases in PaCO 2 , and these results suggest that vitamin C administration had no effect on PaCO 2 .
In conclusion, administering high-dose vitamin C to elderly patients undergoing bilateral TKR surgery could lower MDA levels and prevent the unstable haemodynamics and hypoxia caused by ischaemiareperfusion injury in both knees. Thus, the myocardium could be protected more effectively. Particularly in elderly patients with concurrent severe pulmonary or cardiac disease, administering high-dose vitamin C intra-operatively might, therefore, decrease both cardiopulmonary complication and mortality rates.
